classes I-IV, in order of increasing territory
C). (D-O) Expression patterns of Abrupt (Ab) protein in dorsal (D-I and M-O) and ventral (J-L) clusters. (D-L) Stage 16 embryo of a class I marker line (D-F, NP2225/mCD8::GFP) or that of a pan-da marker line (G-L, IG1-2 mCD8::GFP) was doubly labeled for GFP (D, G, J, and green in F, I, and L) and for Ab (E, H, K, and magenta in F, I, and L). Merged images shown in (F), (I), and (L). Among da neurons, Ab was expressed highly and in a selectable
. In the genome of NP2225, a creased in the territory size of one cell. Misexpression of ab influenced dendritic designs of neurons of class P element was inserted into the first intron of the abrupt (ab) gene (see details in Experimental Procedures). ab II to IV, which do not express ab normally; that is, abmisexpressing neurons of class II to IV generated less encodes a BTB domain-zinc finger protein and is required for neuromuscular connectivity in the embryo (Hu expansive dendritic trees, and those of class III and IV had fewer branch terminals compared with control cells. et al., 1995). By using an antibody to Ab protein, we detected immunoreactivity in the nuclei of the three These data showed that Ab directed morphologically class I da neurons, but expression in the other classes of S1). In our subsequent analysis, we focused mostly on the dorsal cluster in abdominal segments 2-6; this was da neurons was below the limit of our detection ( Figures  1D-1O ). Outside the nervous system, Ab was expressed partly because the dorsal cluster has all classes of da neurons and partly because axons extending from dorin epidermal cells and muscles (see asterisks in Figures  1E and 1N and bracket in Figure 1H , respectively; Hu sally located neurons sometimes make images of the ventral, ventral-prime, and lateral clusters difficult to et al., 1995). Immunoreactivity per nucleus was comparable between the class I da neurons and epidermal interpret ( Figure 1A) . cells, and muscle nuclei were stained less brightly around 13 hr after egg laying (AEL) (stage 16), when Dendritic Arbors of Class IV Neurons Became dendritogenesis was initiated ( Figures 1E, 1H, and 1K) .
Downsized and Less Elaborated The selective expression within the da neuron classes by ab Expression persisted at third instar larval stages (data not shown).
To visualize how ab expression affected dendritic morAt earlier stages such as 9-10 hr AEL (stage 13) when phologies of individual classes, we performed singleall da neurons are born, a small subset of peripheral cell analysis first on ddaC (class IV), which should have neurons was stained, but very faintly compared with formed the most expansive and the most highly epidermal cells (Figures 1M-1O) , and those positive neubranched arbor in the dorsal cluster ( Figure 1C ). To exrons were possibly class I neurons.
tract pattern information about ddaC, we ablated all dorsal da neurons except for ddaC at embryonic or early larval stages and then tracked dendritic development Ectopic Expression of ab Reduced the Size of the remaining ddaC at subsequent stages.
of Overall Dendritic Trees
When compared with the control ddaC, ab-misexTo address whether the class I-selective expression of pressing ddaC (abϩddaC) at the same age showed a ab plays roles in class-specific dendrite patterning or reduced size of its dendritic field and exhibited a visibly not, we took two complementary approaches: one was less complex morphology (compare Figures 3A with 3C; to study effects of misexpression of ab on morphogene-3B with 3D; and 3E with 3F). Branch terminals of abϩ-sis of class II-IV neuron dendrites, which innervate larger ddaC did not reach far enough to meet those of adjacent regions of the body wall than class I dendrites. The other cells. Furthermore, abϩddaC did not elaborate higherwas to observe dendritic arbors of class I neurons, which order fine branches in contrast to the wild-type cell (see express ab normally, in ab loss-of-function mutant cells.
arrow and bracket in Figures 3A and 3B ). These phenoWe first present the results of our misexpression experitypes of the downsizing and the decrease in the terminal ments (Figures 2-5 ).
number were consolidated by our semiquantitative analWe drove ab expression in all da neurons in a postmiysis (p Ͻ 0.01, Wilcoxon two-sample test; Figure 3G ). totic manner by using pan-da GAL4 lines, and this panWhen normalized to total dendritic length, the branching da expression caused dramatic alteration of overall patindex (a measure of the number of branch terminals per terns of dendritic arbors (Figures 2A-2D . We also showed that ab expression led to a signifiheads in Figure 4B ). When branches of abϩddaC cells cant decrease in the field size ( Figure 5C ). Therefore, were severed, their remaining branches continued elonthe results on ddaA (class III), together with those on gating as the body grew; however, they hardly sprouted ddaC (class IV), strongly suggest that ab misexpression toward the regions that would have been covered by directed both class III and IV neurons to take the appearthe detached branches (blue arrowheads in Figures 4C ance of less expansive dendritic arbors with fewer terand 4D; n ϭ 13). Branches of neighboring segments minals. hardly responded, either; consequently, the regions remained voided (box in Figure 4D is, by delineating a polygon connecting dendritic tips the rest ( Figure 5J ). Neither experiment indicated that ab misexpression affected the number of branches of ( Figures 5D-5G) . However, values of standard deviations for control ddaB neurons were large, probably ddaB in a statistically significant manner. Therefore, ab misexpression reduced the size of dendritic trees, but because ddaB formed more sparsely branched dendritic trees than class III and IV cells. As an alternative index not the number of branch terminals, of class II cells. It should also be noted that the misexpression reduced for the size of ddaB, we measured the distance from the most distal tip of each dorsal-directed branch to the the size values of all of ddaB (class II), ddaA (class III), and ddaC (class IV) to values comparable to those of center of the cell body and confirmed the downsizing of abϩddaB dendritic fields ( Figure 5H) . class I cells (compare each of Figures 3G, 5C, and 5G with 5K) and that the terminal numbers of ddaA (class The number of branch terminals of ddaB, in contrast to the field size, did not seem to decrease by the misex-III) and ddaC (class IV) were similarly decreased (compare the values in Figure 3F with those in 5L). These pression (compare Figure 5D with 5E and 5F). To assess this visible effect statistically, we needed to pinpoint results argue against the possibility that Ab exerted an inhibitory effect on dendritic branching in general; indendritic branch tips. Anterior-directed branches of the control ddaB often overlapped with dendritic branches stead, they would support the hypothesis that ab misexpression transformed dendrite morphogenesis of class from the anterior adjacent segment, which obscured branch tips of the ddaB (see blue arrow in Figure 5D ).
II-IV toward that of class I. The critical role of Ab in shaping class I dendrites was strengthened by loss-ofTo overcome this problem, we adopted two methods. First, we ablated almost all dorsal da neurons of two function analysis, as described below. Class I da neurons expressed ab endogenously, and neighboring segments, except for two ddaBs, and then counted the terminal number of branches of the posteadditional expression from the transgene did not alter their dendritic morphology. This result was obtained by rior ddaB (Figure 5I ). Second, we excluded anteriorly oriented branches and counted the terminal number of using ablation protocol ( Figures 5K and 5L ) and by using till around 30 hr AEL. We used a GAL4 driver that highlights ddaE and vpda (Sugimura et al., 2003) and visualized its dendritic patterns in the wild-type and in the mutants. In each of over 300 mutant hemisegements examined, we could identify a single ddaE, strongly suggesting that the ab mutations did not affect generation of ddaE or reduce its viability. In the wild-type at 24-26 hr AEL (about 2-6 hr after hatching), each ddaE neuron had generated two or three primary branches and one of them extended dorsally, from which secondary branches sprout and tended to elongate posteriorly in parallel ( Figures 1B, 6A, (Figures 6C-6F) . The mutant neurons at the comparable stage had produced supernumerary terminals ( Table 1) that did not necessarily show the oriented growth. About 20% of the mutant ddaE cells did not extend lateral primary branches, and in extreme cases, a single mutant ddaE extended two primary branches dorsally instead (arrowheads in Figure 6F ). Similar pattern defects were also seen for the ventral class I neuron vpda ( Figures  6I-6L) .
Next, we examined early stages of branch formation in the wild-type and mutant embryos (Figure 7) . As re- 
Arrowheads indicate the most distal tips of the dorsal branches (see H). Blue arrow in (D)
points an overlap of a branch of the ddaB and that from the anterior hemisegment. clones took on abnormal shape and produced branch lack of apparent abnormal phenotypes in these classes was consistent with the selective ab expression and its terminals in excess (Figures 8A-8H ) as shown in ab mutant young larvae. This result is consistent with the role in dendritic morphogenesis of class I neurons. notion that the phenotypes of class I neurons in the young mutant larvae were not secondary consequences
Scale bar equals 50 m for (A), (B), and (D)-(F). (C and G-L) Quantitative analysis of control neurons and ab-misexpressing homologous cells. Numbers of neurons analyzed are indicated above individual bars. (C, G, and K) Area size for ddaA (C), ddaB (G), and ddaD and ddaE (K). (H) Distance from the most distal tip of dorsal branches to the center of the ddaB cell body. As for ddaB, a value of the size ratio of (abmisexpressing cell)/(control cell) was 0.42 and that of the distance ratio was 0.66. (I, J, and L) Number of branch terminals for ddaB (I and J) and for ddaD and ddaE (L). The number of all branches (I) and that of a subset (J) of ddaB were counted (see details in the text). Asterisks in (C), (G), and (H) repre-

Neither ab Loss of Function nor Its Misexpression Was Associated with Alteration of cut of defective epidermal or muscle development.
Under the standard protocol of MARCM analysis, emExpression Pattern It was earlier shown that Cut, a homeodomain protein, bryos were collected within a short time window and developed for a fixed duration; still third instar larvae is expressed differentially among the four classes of da neurons and that those different expression levels grew to different body size when clones were found and imaged. To assess whether loss of ab function affected control both the field size and the branching complexity of individual classes (Grueber et al., 2003a) . The level the territory size of dendritic arbors in these samples, we normalized the arbor size to the size of the segment of Cut is the strongest in class III, moderate in class II and class IV, and below the limit of detection in class I, where each clone was generated ( Figures 8C and 8F , see details in the legend). We found a statistically significant which provides a contrast to that of Ab. Besides the expression profiles in da neuron classes, activities of increase in the area size of the ab mutant ddaD (p Ͻ 0.01, Wilcoxon two-sample test), but not in that of the these two genes are approximately complementary to each other with respect to gain-of-function and loss-ofab mutant ddaE. da neurons of class II to IV did not express Ab at a function phenotypes of dendritic patterns (described below). Therefore, we explored the possibility that ab detectable level, and we did not find obvious pattern defects of dendritic arbors of class II (n ϭ 8), class III loss of function or its misexpression might alter the Cut expression pattern. (n ϭ 13), and class IV (n ϭ 14, Figures 8I and 8J) . The Figures 9M-9R) ; on the other hand, cut misexpression reduced the level of Ab staining in class type ones (arrows in Figures 9A-9F) . Conversely, ab misexpression reduced both the field size and the termi-I neurons (Figures 9S-9X ). When compared with the Ab immunoreactivity of epidermal cells on the same nal number of class III and IV dendritic arbors and downsized class II arbors (Figures 3-5) , which is reminiscent confocal section, weaker labeling was seen in dorsal class I neurons (ddaD and ddaE) (arrows in Figure 9W ) of loss of cut function phenotypes (Grueber et al.,  2003a) . Thus, we examined whether the ab ectopic exbut not in the ventral class I neuron (vpda). Altogether, , we addressed molecular mechanisms underlying the distinctive modes landmark was spike formation; ab misexpression resulted in almost complete loss of spikes, which was of dendrite development. Both our misexpression and loss-of-function analyses supported the hypothesis that partially recovered by co-expressing cut (see bracket in Figure 10B ). The suppression effect of cut overexpresselective expression of ab in class I da neurons plays a pivotal role in forming dendritic arbors, which are charsion was shown to be statistically significant in terms of both the number of branch terminals and the area acteristic of the class I cells, and that development of more complex arbors of class II-IV neurons depends on size (Figures 10C and 10D ; p Ͻ 0.01, Wilcoxon twosample test). the absence of Ab. We drew this conclusion not only from quantification of the number of terminals and the We then found that ab and cut interacted with each other in the reverse direction as well (Figures 10E-10I) .
area size of individual dendritic trees at single given developmental stages, but also from time-lapse recut misexpression in class I cells, which normally expressed ab, induced dendritic overgrowth and overcordings to monitor dynamic behaviors at embryonic and/or larval stages. branching, and some of short branches were reminiscent of spikes as previously reported (compare Figures As far as our analysis with molecular markers was concerned, neither ab misexpression nor its loss of func-10E and 10F and see bracket in 10F; Grueber et al., 2003a). These effects of cut misexpression were partially tion resulted in alteration of cell identity of da classes examined. The molecular tools employed were ensuppressed by coexpressing ab (Figures 10G-10I) . This suppression by the coexpression of cut and ab might hancer-trap markers for class I (ddaE) or class IV and the level of Cut that distinguishes between class I and be due to a decrease in the level of misexpressed Cut by increasing the number of UAS transgenes to which II-IV (Grueber et al., 2003a) . Thus, it appears unlikely that the dendritic phenotypes reported could be indirect GAL4 binds if the number of GAL4 molecules is limited. 
